Traumatic brain injury Blood-brain barrier Serum markers a b s t r a c t Repetitive traumatic brain injury (rTBI) is one of the major risk factors for the abnormal deposition of phosphorylated tau (PT) in the brain and chronic traumatic encephalopathy (CTE). CTE and temporal lobe epilepsy (TLE) affect the limbic system, but no comparative studies on PT distribution in TLE and CTE are available. It is also unclear whether PT pathology results from repeated head hits (rTBI). These gaps prevent a thorough understanding of the pathogenesis and clinical significance of PT, limiting our ability to develop preventative and therapeutic interventions. We quantified PT in TLE and CTE to unveil whether a history of rTBI is a prerequisite for PT accumulation in the brain. Six postmortem CTE (mean 73.3 years) and age matched control samples were compared to 19 surgically resected TLE brain specimens (4 months-58 years; mean 27.6 years). No history of TBI was present in TLE or control; all CTE patients had a history of rTBI. TLE and CTE brain displayed increased levels of PT as revealed by immunohistochemistry. No age-dependent http://dx.(D. Janigro). 1 Contributed equally.
Introduction
The controversy surrounding the significance of PT in neurological diseases is one of the hottest topics in current neuroscience research. The growing interest in tau can be ascribed to a variety of reasons, not all of them necessarily related to the pathological significance of tau itself. For example, the possibility of an etiologic link between PT and CTE has been popularized by the discovery of phosphorylated tau protein in brain specimens of deceased NFL players as well as in victims of other forms of blast-induced or closed head injury (Daneshvar et al., 2011; Peskind et al., 2013) . The conclusion from many of these studies is that a history of repetitive head impacts is necessary for the deposition of PT and of subsequent neurodegeneration (McKee et al., 2009a; Goldstein et al., 2012a) . Tau protein is one of the first microtubule associated proteins to be characterized (for review, see (Mandelkow and Mandelkow, 2012) ). In Homo sapiens, tau is encoded by a single gene, MAPT but six splice variants have been described (Morris et al., 2011) . In the brain, tau stabilizes axonal microtubules but tau's affinity for microtubules is decreased when tau is phosphorylated. Tau phosphorylation targets three amino acids serine, threonine, and tyrosine; the extent of phosphorylation can have small or major inhibitory effects on the binding of tau to microtubules depending on the number of repeats and the region of the protein. The normal phosphorylation of tau regulates microtubule assembly while its hyperphosphorylation destabilizes microtubules and alters axonal transport. However, tau-deficient mice have no significant phenotypic alterations suggesting that loss of function is not the main trigger of tauopathies (Morris et al., 2011) .
The term "chronic traumatic encephalopathy" describes the neurodegenerative disease in athletes with histories of repeated head injuries and their sequelae (Smith et al., 2013) . CTE is considered a tauopathy with phosphorylated taupositive deposits in characteristic locations. Although a connection between repetitive head trauma and CTE has been proposed, a causal role of pathological tau deposition has not yet been shown. Many athletes with rTBI never develop CTE while on the other hand pathologies other than CTE, especially seizures, have been shown to be characterized by PT in neurons of affected individuals (Smith et al., 2013; Sen et al., 2007; Thom et al., 2011; Hazrati et al., 2013) . These observations call into question the etiologic role of rTBI in the genesis of PT deposition. An important caveat of all these studies is the fact that most if not all specimens derived from postmortem brain. This was true for samples from football players, blast TBI patients or epileptic subjects (McKee et al., 2009a; Thom et al., 2011; Hazrati et al., 2013) . Since a postmortem analysis is required for the evaluation of brain phosphorylated tau in CTE, a positive correlation with a given pathology has been difficult. Finally, limited evidence suggests that poorly controlled or multiple drug resistant seizures may result in PT deposition (Sen et al., 2007; Thom et al., 2011) . A direct comparison between brain samples from athletes with rTBI and patients with refractory epilepsy is lacking.
The objective of the current study was to determine the specificity of rTBI for PT deposition by comparing the immunohistochemical profile of phosphorylated tau deposits in brain samples from athletes with a history of rTBI and diagnosed with CTE to patients with TLE. We also investigated the presence of specific tau phosphorylation sites in post-traumatic vs. aged or epileptic human brain.
Results
We examined the most typical macro-and microscopic features of temporal lobe epilepsy and CTE in sections of temporal lobes from 6 CTE and 19 epileptic subjects, as summarized in Table 1 . We also used temporal lobes from six postmortem control brain specimens. From each brain sample, we used at least 7 sections for a total of 195 stained slices. Of these, most were stained with AT8 or with CP-13; other samples were stained for total tau, IgGs or albumin. In addition, 6 CTE, 2 epileptic and 6 control brain samples were analyzed by Western blotting of frozen brain samples. These were tested with CP13, AT8 and total tau (Tau 5) antibodies. Details on antibodies used are described in Section 4 and Supplemental Table 1 . The overall appearance of CTE brain samples, when examined en bloc, was otherwise unremarkable and undistinguishable from epileptic brain or controls. CTE and epileptic brain samples were easily identified at the macroscopic level for their intense staining for PT ( Fig. 1 ). Most control brain samples, after staining and when observed at low magnification, lacked any readily visible regions suggestive of phosphorylated tau expression. At the microscopic level, several different cellular and histological features were noted in epileptic and CTE brain sections. For clarity, these are presented individually, albeit virtually every section contained many if not all of these pathological signs related to phosphorylated tau expression (see also Fig. 7) .
A disease-specific feature seen in epileptic but not in CTE or control brain was sharp and localized staining for PT of the pia mater (arrows in Fig. 1 (B) and (D)). Note that the overall staining was higher in CTE and epileptic brain and that the staining for PT was preferentially located in gray compared to white matter. Staining for phosphorylated tau was more intense around the sulci of epileptic (or CTE) brains compared to control as indicated by the asterisk in B. D and E summarize the main findings which were common in epileptic (e.g., (D)) or CTE (e.g., (E)). Note robust pial staining (as indicated by the large arrowhead in (D)), perivascular staining (as indicated by asterisks in (D) and (E)), axonal varicosities (small arrows in (D) and (E)), aberrant neuronal morphology (small arrowheads in (E)), as well as asymmetric PT deposition around blood vessels (as indicated by the dotted lines in (D) and (E)). Also note degenerated neuronal structures (as indicated by yellow circles in (E)). Fig. 2 shows the microscopic appearance of human epileptic brain samples to highlight common features and differences with comparable sections from CTE brain. Note that the pial surface, as well as the superficial layers of the cortex, were markedly positive for PT (A) and (B). However, the presence of pial staining occurred even in the absence of staining of the superficial cortical layers (B). Also note that the sulcus in this section was heavily stained for phosphorylated tau as indicated by the asterisk in (B). The fluorescent microscopy image (C) emphasizes the presence of heavily stained superficial cortical neurons bordering the pial in epileptic brain samples. Fig. 2 (D) shows a comparable section from a CTE patient. Note that the density of neurons positively stained for PT was highest in superficial cortical layers. Epilepsy-derived or CTE brain samples were characterized by aggregates of degenerated neurons (as indicated by the black arrowheads in (D) and (I)) as well as giant neuronal cells with high levels of PT expression (red arrowheads in (G), (H), (J)). In addition, numerous fragments of degenerating neurites were scattered throughout the brain (e.g., yellow arrows in (G)). The epileptic brain section (E) displayed a remarkable level of PT positive neuronal cell organization in spite of the dysplastic nature of this cortical sample. The micrograph in (F) shows another example of temporal lobe sulcus positive for PT (as indicated by the asterisk); also note the sharp delineation between gray and white matter (as indicated by the dotted line). Fig. 2 (G)-(J) summarizes the appearance of neurons in b r a i n r e s e a r c h 1 6 3 0 ( 2 0 1 6 ) 2 2 5 -2 4 0 epileptic (G)-(I) and CTE (J) brains. Note that neurons in CTE or epileptic brains appeared to have a fusiform/pyramidal shape, spider-like branching and elongated neurites with numerous varicosities. Another important feature of CTE brain is the presence of degenerating axons characterized by beading and varicosities due to interrupted or defective axonal transport (Goldstein et al., 2012b) . Analogous features were found in human epileptic brain as shown in Fig. 3 (A)-(D). Note the filamentous appearance of axonal bundles (indicated by black arrows in (A)) as well as web-like structures in (B). The fluorescent micrograph in (C) shows these parallel fibers organized over a network of PT-positive neuronal cell bodies. Note that the axonal appearance in CTE was not remarkably different from what was observed in epileptic brain. Also note a solitary axon (E) surrounded by many punctuated PT-positive figures in the background. "Comparison tissue" from a 99 years old control is shown in (F). Fig. 4 shows comparable PT-positive perivascular staining in CTE ((A)-(C), CP-13 antibody) and epileptic ((D)-(F), AT8 antibody) brains. Note that there was no discernible difference in PT expression around blood vessels in either pathology. In (D), note that in addition to the usual pial and sub-pial staining for PT, a large penetrating pial vessel displayed marked PT staining in the perivascular region which was also characterized by numerous degenerating axons (indicated by black arrows). The micrograph in (E) shows a small caliber vessel (indicated by the arrowhead) surrounded by PTpositive neurons and bundles of axons (indicated by the yellow arrows). Fig. 4F shows comparable perivascular staining also characterized by the presence of normal-appearing, yet PT-positive neurons. Note that the neurons appear to be ; CP-13) and Epileptic ((B); Patient #5; AT8 antibody) brain were characterized by widespread presence of PT compared to a control brain sample ((C); Patient #31; CP-13). Also note that tau was primarily present in gray matter (cortex). In epileptic brain (but not in CTE), a sharp edge of pial staining was also visible (indicated by arrows). The asterisk in B highlights phosphorylated tau-positive staining at a temporal lobe sulcus (indicated by an asterisk). The brain section images show the morphological appearance of temporal lobe samples used for these experiments. (D) and (E) illustrate the most prominent features of pathological tau distribution in epileptic (Patient #8; Pan tau antibody) and CTE (Patient #21; CP-13) brain. The arrowhead in (D) points to the intense staining of the pial surface, whereas the asterisks in both micrographs highlight blood vessels to emphasize the presence of phosphorylated tau in the perivascular space. The latter is also highlighted by a dotted line. The small arrowheads in (E) highlight degenerating neurons, whereas the continuous line points to clusters of PT debris. Finally, the arrows in (D) and (E) indicate the presence of pathologically appearing axons or axon bundles. w.m. indicates white matter. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Immunofluorescence revealed heavy staining for PT in epileptic brain. Also note the fine network of neurites and the nuclear staining for tau in some, but not all neurons. The data in (D)-(F) show a virtually identical pattern of staining in CTE brain samples (Patient #23; CP-13). The arrows point to degenerating neuronal structures, while the dotted line in (F) highlights heavy staining for tau in the sulcal region. At higher magnification, additional features of taupositive neurons become apparent (G)-(J). Note that, ((I), (J); Patients 12 and 23; CP-13 and AT8 respectively) and epilepsy ((G), (H); Patients 5 and 11, AT8) show heavily stained cortical neurons often surrounded by beaded axons (indicated by arrows in (G)). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) organized in a layered formation. Note the increased tau staining (indicated by a yellow arrow) in proximity of the vessel when compared to neurons distal to perivascular region (indicated by an arrow). Also note capillaries (indicated by þ), which did not stain for PT, as well as the sharp delineation between gray and white matter (indicated by the dotted line). In order to evaluate the contribution of vascular leakage to the observed staining for phosphorylated tau observed in epileptic and CTE brain, we explored the patterns of serum albumin leakage in analogous brain samples (G). Note that, unlike in the case of PT, serum albumin extravasation was evident primarily around small diameter, most likely capillary, vessels. In addition, and again in contrast to what is seen for PT, albumin extravasation appeared to extend radially from the vascular structure. (H) shows higher power samples from (G), (D) and (F), as indicated by the yellow boxes (see discussion). Fig. 5 shows yet another example of patterns of perivascular PT accumulation in epileptic brain to emphasize differences in pattern of extravasation with albumin ( Fig. 4(G) ). Note the longitudinal pattern of phosphorylated tau surrounding a large penetrating vessel (A), as well as the parallel tracks of PT-positive signal around white matter vessels ((B) and (C)). Vessels are indicated by arrowheads, whereas the tracks are indicated by arrows. Note that the sample taken from epileptic brain (B) is virtually indistinguishable from the sample obtained from CTE brain (C). The (þ) refers to neighboring, yet PT-negative, blood vessels.
Another common feature in CTE and epileptic brain was the presence of degenerating neurons (Fig. 6 ). These were seen in virtually every section analyzed, including a 96 year old control. Note the widespread display of neuronal degeneration in a CTE brain (A) as well as a degenerating neuron in a temporal lobe epilepsy sample (E). In addition to regions of numerous degenerating cells, we also noted isolated complexes consisting of dying neurons in the proximity of blood vessels (as indicated by an asterisk in (B)); the perivascular space was remarkably loaded with PT-positive debris. Also note the presence of degenerating axons and dendrites (as indicated by arrows in (B)). The relationship between degenerating neurons and vasculature is further seen in (C), where a penetrating pial vessel (as indicated by an asterisk and highlighted by a dotted line) is shown. Note several PTpositive neurons at different levels of degeneration (as indicted by arrows in (C)) juxtaposed to a vascular profile. However, the presence of degenerating neurons was not an exclusive property of epileptic and CTE brain, since several dying neurons were observed in one control brain (D). These neurons had many of the properties of their epileptic or CTE counterparts, including abnormal dendritic debris (as indicated by the arrows), as well as beaded axons (as indicated by the arrowheads). This abnormal behavior was detected in only 1 out of the 6 control brain samples. Fig. 7 (A) and (B) shows a quantitative summary of the immunohistochemical results. In addition, the levels of tau phosphorylated at pS199 measured by Western blotting are shown (C).
Given the variability in PT expression across samples (large standard errors in Fig. 7(B) ) and the unexpected findings related to PT in epileptic and control brain, we measured PT and total tau by an additional technique, namely ELISA to detect specific forms of PT with higher specificity and improved quantitative detection. Fig. 8 shows ELISA outputs reported as tau levels adjusted per mg of total brain protein. Total Tau levels (A) were lowest in EPI brain and significantly different from levels in CTRL and CTE brain (Po0.01). PT at Thr 231 (B) and PT at Ser 199 (D) levels were not statistically different among the three groups while PT at Ser 396 levels (C) were lowest in CTRL and EPI compared to CTE brain (Po0.05; CTRL vs. CTE). However, no statistical differences in PT at Ser 396 levels were observed between CTE and EPI brains. An additional quantification strategy was used to compare tau levels in these samples.
Instead of normalizing the data by total brain protein, we measured levels of various PT forms in concert with ELISA measurements of total tau in the same sample. This procedure allowed to report brain levels of PT as % of total tau. EPI brains displayed the highest percentage of PT per total tau at the three sites measured ( Fig. 9A-C) . The percentage of PT per total tau did not differ between CTE and CTRL brains at any of the three sites. In summary, when analyzing total protein extracts from brain samples, the levels of total tau were lowest in EPI samples, but no differences in PT were found between control, CTE and EPI with the exception of pS396 which was elevated in CTE. When PT levels were analyzed as percent of total tau, however, EPI samples invariably displayed the highest levels (see Section 4). We wished to analyze the contribution of Sarkosyl-soluble vs. insoluble tau to the differences reported above. This was achieved by two complementary approaches. We first analyzed the different behaviors of soluble vs. insoluble tau in an ELISA platform. The results in Fig. 10 and Supplemental Fig. 1 (D) show that epileptic brain samples were characterized by the highest proportion of insoluble tau. However, when these tau forms were analyzed by Western blotting to reveal molecular weights of tau, we discovered that only CTE brain had a significant contribution of high molecular weight tau in insoluble form.
Discussion
The main and perhaps unexpected finding from our study is that brain samples from epileptic brain resections displayed , (E), and (F) were obtained from epileptic brain (Patients 1, 5, and 2 respectively; AT8). Both pathologies revealed pronounced accumulation of PT in the perivascular space, as indicated by the large arrows. Also note that these perivascular regions were also characterized by diffused staining of neurons and axons (e.g., arrows in (D) and (E)). The arrowhead in (E) as well as the dotted squares in (D) and (F) highlight the lumen while the (þ) in (F) indicates a capillary vessel negative for PT. The dotted line in (F) shows the sharp separation between tau-positive gray matter and the underlying white matter which was devoid of tau staining. The micrograph in (G) shows the distribution of perivascular albumin in epileptic brain (Patient 4). Note that, unlike in the case of phosphorylated tau, extravasated albumin was only present around small caliber, presumably capillary vessels. In contrast, PT was primarily present around large vessels with thin or absent vascular wall. Based on these anatomical properties, these vessels were categorized as venules. levels and expression patterns of phosphorylated tau comparable to those observed in samples from patients diagnosed postmortem with CTE. Thus, pathological presence of PT is not unique to CTE. In addition, we found that the salient histological as well as phosphorylation site-specific PT features of CTE are also present in patients with temporal lobe epilepsy and in a few "control subjects". In summary, the overall pattern of phosphorylated tau detected in these tissues did not lend credence to the hypothesis that CTE has a unique PT signature. This conclusion was reached by a convergence of results obtained with different techniques including PT-specific detection, protein fractionation, ELISA and Western blotting.
CTE and traumatic brain injury
CTE is the modern definition of what used to be referred to as "dementia pugilistica" or "punch drunk syndrome" (Smith et al., 2013) . Not surprisingly, the recent awareness of CTE in American football and other sports as well as the burden of TBI after the return of veterans of two wars has triggered intense media attention and a flurry of clinical and experimental studies. However, the actual number of reports and the overall number of CTE cases described in the literature is remarkably small. This may depend on the fact that a truly operational definition of CTE is currently not available. Tau has been implicated in CTE based on the observations of high levels of phosphorylated tau in postmortem samples of post-TBI patients as well as in an animal model of brain injury (Goldstein et al., 2012b) . From these findings and accompanying clinical series, it appears that other mechanisms apart from repetitive head trauma can lead to phosphorylated tau deposits in a similar pattern. The postmortem diagnosis of CTE based on positive findings for phosphorylated tau is defined as a "progressive degenerative disease" of the brain found in athletes (and others) with a history of repetitive brain trauma, including symptomatic concussions as well as asymptomatic subconcussive hits to the head (McKee et al., 2009b) . This definition is somewhat inconsistent with findings showing phosphorylated tau in a cohort of epileptic patients (Thom et al., 2011) , or lack of PT in patients with a clinical profile suggestive of CTE (Smith et al., 2013; Hazrati et al., 2013) . Our results shed further doubt on the uniqueness of rTBI for the deposition of phosphorylated tau, since comparable profiles of expression were found in non-CTE, epileptic brain samples taken from patients with no history of TBI, including a neonate with refractory seizures. A major question that our study only indirectly address that remains elusive is whether the presence of phosphorylated tau in any brain sample is to be considered a sign of "tauopathy" or simply as a pathological phenomenon underscored by the presence of PT. The issue is not purely semantic, since tauopathy implies an etiologic mechanism for PT, while the converse (tau pathology) suggests an epiphenomenon. Since levels of PT were found in non-CTE brain, we may conclude that abnormal levels of PT are not predictors of CTE but rather a finding in brain affected by chronic neurological dysfunction. History of seizures in specimens from epileptic subjects did not correlate with tau expression, as also shown in a previous study (Thom et al., 2011) . However, in contrast to Sen et al. (2007) , even newborn patients with seizure disorders displayed elevated tau levels. 5 -Evidence for peri-and para vascular accumulation of PT in epileptic brain. The micrograph in (A) (Patient 2, AT8) shows the asymmetric distribution of PT around a penetrating venule which was defined as such by the lack of a distinct vascular smooth muscle layer. Note that both extracellular and neuronal tau was detected and the apparent gradient of tau accumulation from the parenchyma to the pial surface. The data in (B) and (C) (Patient 7, AT8) further highlight the unusual pattern of phospho-tau distribution in white matter. Note that, the signal was organized in parallel tracks indicated by small arrows, while arrowheads point to tau-positive vessels. (þ) indicates tau-negative small caliber capillaries. The dotted line in (C) shows the apparent direction of tau accumulation from deeper white matter tracks towards the surface of the brain.
3.2.

Molecular fingerprinting of tau and PT in CTE and epilepsy
In normal brain, tau is ubiquitously distributed throughout the CNS, and its phosphorylated form is tightly bound to microtubules. It is therefore possible that cell death releases tau/PT in the extracellular milieu. This may shift the levels of soluble tau-microtubules complexes to the insoluble PT form made of aggregates of axonal debris. Our results suggest that this is the case in epileptic brain. Conversely, in CTE or other neurodegenerative disorders it was shown that insoluble PT is a prototypical component of tangles (for review see (Blennow et al., 2012) ). Our results support the following:
(1) In epileptic brain, the pathological tau detected in insoluble fractions is mostly of low molecular weight, suggesting that this is not due to tangle formation but rather spillage from dying cells. This is supported by the data in Fig. 2I showing neuronal debris stained with tau antibodies, as well as ELISA and Western blot data (Fig. 10); (2) In CTE, the insoluble form of tau is of high molecular weight, as predicted by the presence of tangles detected in CTE brain by us and others (Goldstein et al., 2012b) . These results also highlight the only difference we found between CTE and epileptic brain, namely the presence of insoluble tangles in the former and elevated low molecular weight insoluble tau in the latter (Fig. 11) .
Insoluble and soluble tau were measured by detection of three commonly hyperphosphorylated isoforms (Ser 199, Thr 231 and Ser 396) seen in tauopathies and Alzheimer's disease (AD). In addition, our immunocytochemical results covered Highlighted are the lumen of two neighboring vessels (*) as well as axons and degenerating dendrites indicated by arrows. The micrograph in (C) (Patient 23, AT8) shows another example of the relationship between a vascular structure highlighted by dotted lines and asterisks, and degenerating neurons indicated by arrows. (þ) refers to tau negative capillary structures. (D) and (E) show a side by side comparison of CTE and epileptic brain to emphasize similar patterns of neuronal phosphorylated tau accumulation in these pathologies (Patients 25 and 11, respectively). Also note that the antibodies used (CP-13 and AT8) did not yield to appreciable differences.
both Ser202 and Ser199 (Porzig et al., 2007) . In AD, hyperphosphorylation of Tau results from higher activities of protein kinases, lower activity of protein phosphatases, or a combination of both. In AD a specific phosphoseryl/phosphothreonyl protein phosphatase (PSP), subclass PP-2B, dephosphorylates PT specifically at the three sites we measured by ELISA. It has been suggested that a possible reason for hyperphosphorylation of PT in AD at these sites is due to a deficiency in enzymatic activity. Abnormal tau phosphorylation at Ser396 and Thr 231 contributes to reduced microtubule binding (Sengupta et al., 1998; Sahara et al., 2014) . Additionally, PT at Thr 231 has been shown to be associated with AD and CTE (Schubert et al., 2004) . However, while there is overwhelming support for these abnormal tau phosphorylation events in CTE and AD, our results have shown that no major difference in expression of PT isoforms can be found between CTE or EPI samples. This was studied by analyzing: (1) Total expression of pS396, pS199, pS231;
(2) Total expression of PT isoforms in soluble or insoluble fractions, by Western blotting and ELISA; and (3) The expression of these normalized by levels of total tau.
3.3.
Are there unique features in CTE brain?
As predicted by the conclusions from McKee's work (Goldstein et al., 2012b; McKee et al., 2013; Mez et al., 2013) , we found in CTE preferential involvement of the superficial cortical layers, irregular, patchy distribution in temporal cortex, propensity for sulcal depths, and prominent perivascular and sub-pial distribution. However, we found a virtually identical pattern in EPI brain. Given that both rTBI and refractory seizures are associated with PT deposition what pathophysiological events do they have in common that might reasonably be expected to result in an abnormal deposition of PT? A "blood-brain barrier hypothesis" whereby tau accumulates in brain due to leakage is not supported by our results (Fig. 4(G) ). The axonal injury hypothesis is also not supported by our results since rTBI or head injury were not prerequisites of PT accumulation. We postulate that an abnormal clearance of tau may potentially be the mechanism of PT accumulation in diseased CNS. According to this working hypothesis, regardless of the reasons that initiate the phosphorylation of tau and its release from microtubules, extracellular levels of tau are cleared by the "glymphatic" system as shown for β-amyloid (Iliff et al., 2013a (Iliff et al., , 2013b . According to this mechanism, the presence of elevated levels of tau reflects poor clearance of waste from the brain. This is supported by several observations: (1) There was no colocalization between the extravasation markers albumin or IgGs and perivascular phosphorylated tau;
(2) The perivascular accumulation of phosphorylated tau was found around larger (diameter greater than 100 mm) vessels with a poorly delineated vascular wall, or venules, which is what was predicted by the glymphatic hypothesis; (3) Perivascular tau did not extend radially from the vessel, as predicted by extravasation, but rather followed extracellular, longitudinal, paravascular tracks; and, (4) Unlike IgGs and albumin (Janigro, 2012) , phosphorylated tau brain concentrations exceed serum levels, which makes a vascular origin of brain phosphorylated tau highly unlikely. 
3.4.
Limitations and unanswered questions
We report low levels of tau in EPI brain samples (Fig. 8(A) ).
This can be explained by the widespread cell loss that occurs in the brain when epileptic seizures are poorly controlled, as it is the case with patients who underwent surgery to relieve intractable seizures. However, it has to be underscored that these low tau levels in EPI skewed the results where PT levels are expressed as a percent of total tau (Fig. 9) . The pathological significance of this finding is yet unknown. Two final considerations provide additional testable hypotheses on why CTE and EPI appear to share comparable tau levels. First, while we documented the lack of history of head injury in EPI patients, given the intrinsic design of the procurement of CTE samples (postmortem and as gift from
Dr. McKee) we cannot rule out that CTE patients were indeed Fig. 9 -PT levels reported as percent of total Tau in CTE, epilepsy, and control samples. Brain levels of PT at three different sites measured by ELISA reported as % total tau. EPI brains displayed the highest percentage of PT per total tau at the three sites measured ( Fig. 9(A)-(C) ). The percentage of PT per total tau did not differ between CTE and CTRL brains at any of the three sites measured. Statistical significance defined as Po0.05 by ANOVA. Fig. 8 -ELISA measurements of Total Tau and PT in CTE, epilepsy, and control samples. Brain levels of total tau and PT measured by ELISA reported as percent of brain protein. Total Tau levels (A) in EPI brain were significantly lower compared to control or CTE brain (Po0.01). Total tau levels were not statistically different in CTE CTRL brains. PT at Thr 231 (B) and PT at Ser 199 (D) expression was not statistically different among the three groups. PT at Ser 396 levels (C) in CTRL are significantly lower compared to CTE brain (Po0.05). No differences in PT at Ser 396 levels were observed between CTRL and EPI brains or between CTE and EPI brains. Statistical significance defined as Po0.05 by ANOVA. epileptic or suffering from occasional seizures during their life span. This is not implausible given the risk of seizures after traumatic brain injury. In addition, if animal data provide any translational significance, it must be noted that lack of tau in knockout mice decreases seizure propensity while tau overexpression decreased seizure threshold (Devos et al., 2013) . It is conceivable that the data provided herein not only address the epiphenomenal significance of phosphorylated tau in TBI and CTE but actually provide a therapeutic target for multiple drug resistant epileptic seizures. In fact, if tau is seizure-promoting strategies that have been proposed to decrease tau burden in CTE may be beneficial also in seizure disorders.
In conclusion, we have shown that phosphorylated tau is not an exclusive biomarker of neuropathological changes in post-traumatic brain but also a finding in epileptics without a history of rTBI. The possibility that accumulation of tau is a sign of poor CSF dynamics or impaired clearance of protein from diseased limbic cortices may be a fruitful avenue for future research.
Experimental Procedures
Patient population-human subjects: all patients signed an informed consent according to approved institutional review protocols at The Cleveland Clinic Foundation, University of Rochester Medical Center and the Declaration of Helsinki. We compared the immunohistochemical profile of phosphorylated tau deposits in brain samples from athletes with a history of rTBI and CTE to patients with TLE and to healthy controls. Epilepsy subjects: we analyzed samples of temporal and frontal lobe brain tissue from 19 patients with epilepsy, age ranges 4 months to 58 years (mean¼27.6 years, 60% females), with no known history of traumatic brain injuries, and 6 patients with CTE, age ranges 50-99 years (mean 73.3 years, 25% females) with a documented history of rTBI.
In the case of patients with epilepsy, we only included cases where there was a documented history of drugrefractory epilepsy warranting a neurosurgical resection, which was performed at the Cleveland Clinic. Epilepsy was the primary neurological diagnosis in this cohort and patients Fig. 10 -Fractionation of soluble and insoluble tau in control, CTE, and EPI samples. Brain levels of Sarkosyl-soluble and -insoluble total and phospho-tau (pS199) were measured by ELISA (pie chart) and western blots. EPI brains displayed the highest percentage of insoluble tau compared to CTE and control; however, total (solubleþinsoluble) tau is highest in CTE brains ( Figs. 7 and 8) . Western blotting of insoluble tau showed that CTE brain had higher molecular weight tau isoform.
where seizures had developed during the course of a neurodegenerative illness, such as Alzheimer's disease, are not included. As in the study by Thom et al. (2011) , we studied only severe cases of epilepsy, but in contrast to the same study we by design did not include victims of sudden death from epilepsy (SUDEP).
CTE subjects: six post mortem CTE brains from American football players or blast exposed victims with a known history of sub-concussive and concussive diagnoses; these were provided by Dr. Ann McKee at Boston University. Postmortem human brain were received as fresh tissue and as fixed tissue in formalin after processing by medical examiners.
Healthy controls subjects: six normal postmortem brain samples, also provided by Dr. Ann McKee at Boston University
Immunohistochemistry
Immunostaining for identification of PT, total tau (Pan-tau) and IgG was conducted using diaminobenzidine (DAB) Island, NY (catalog number AHB0042) on a shaker at 4 1C, followed by three 5 minute rinses with PBS and a 1 hour incubation with a biotinylated anti-mouse IgG (1:600. Vector laboratories, Burlingame, CA) prepared in 0.4% Triton-X. IgG staining was also performed on consecutive brain sections using human IgG (1:2000; Jackson ImmunoResearch Laboratories Inc., West Grove, PA). This was followed again by rinses with PBS. Because biotin amplification with avidin enhances visualization of reaction products, sections were incubated for 1 hour with an avidin/biotin complex (Elite Vectastain ABC Kit; Vector Labs, Burlingame, CA). After 3 more rinses with PBS, sections were incubated with DAB (Peroxidase Substrate Kit, Vector Labs Burlingame, CA) to visualize antibody binding sites. Slides were then dehydrated and mounted using Permount solution.
Immunofluorescence
Staining for phospho-tau, IgG, GFAP and albumin in the human brain sections was performed as follows. The adjacent free floating sections were processed by blocking in 5% goat serum followed by primary antibody incubation, mouse monoclonal anti- These are interpreted as consequence of tangles as seen in tissue sections (e.g., Fig. 6B ). CTRL virtually lacked insoluble or high m.w. tau, while EPI was characterized by the highest ratio of insoluble/soluble tau (Fig. 10 ). This is interpreted as a result of excitotoxic neuronal death which is typical of drug resistant epileptic brain, and as consequence of spillage of microtubule-bound tau/PT present in proximity or around necrotic/apoptotic neurons (Fig. 2I) .
PA). Auto-fluorescence was blocked with Sudan black B and finally the sections were coverslipped on glass slides using Vectashield mounting medium with DAPI (Vector Labs, Burlingame, CA) and analyzed by fluorescent microscopy.
Preparation of Sarkosyl-soluble and insoluble protein fraction
Human brain samples (from CTE, TLE and control subjects) were homogenized and lysates extracted in 1 Â radioimmunoprecipitation assay (RIPA) lysis buffer (Sigma-Aldrich, USA) containing protease inhibitor cocktail set (Aprotinin 2 mg/ml, Leupeptin 5 mg/ml, Pepstatin 1 mg/ml and PMSF 1 mM). 270 ml of lysates were incubated for 2 h at 37 1C on an orbital shaker with 1% (w/v) Sarkosyl and 1% (v/v) β-mercaptoethanol. For the insoluble preparation, samples were ultracentrifuged at 150,000 g for 35 min at room temperature. The supernatants were collected in a new tube (Sarkosyl Soluble Protein). The pellets were washed three times with 1% (w/v) Sarkosyl in buffer H (10 mM Tris-HCl, 1 mM EDTA, 800 mM NaCl, 10% Sucrose, pH 7.4 with protease inhibitors). After the final wash, pellets were resuspended in 20-50 ml of 1 Â Laemmli sample buffer (Sarkosyl Insoluble Protein). Protein concentration of both Sarkosyl-soluble and insoluble protein samples was estimated prior to performing Western blotting or enzymelinked immunosorbent assay (ELISA).
Western blotting
Tissue lysates from human brain samples were extracted in RIPA lysis buffer containing protease inhibitors. Protein concentration was analyzed using Coomassie Plus (Bradford) Assay reagent according to manufacturer's protocol (Thermo Scientific, USA). Protein samples were then separated by 10% SDS-PAGE and Western blots were performed. For immunodetection, the following antibodies were used: mouse monoclonal anti-human Phospho-PHF-tau pSer202þThr205 antibody, biotin conjugate (AT8) from Thermo Scientific, Rockford, IL (1:500 dilution, catalog number MN1020-B) or CP13 (1:500 dilution, generous gift by Dr. Peter Davies, Albert Einstein College of Medicine) to detect phospho-tau, and mouse monoclonal TAU-5 antibody from Life Technologies, Grand Island, NY (1 mg/ml, catalog number AHB0042) to detect Pan-Tau. Blots were incubated overnight at 4 1C with primary antibodies followed by 2 hour incubation at room temperature with HRP-conjugated secondary antibodies. To validate the presence of phospho-tau the PVDF membranes were first incubated for 30 min at 50 1C in stripping buffer (100 mM 2-mercaptoethanol, 2% sodium dodecyl sulfate, 62.5 mM Tris-HCl, pH 6.7) and then reprobed with phospho-tau antibody. The following secondary antibodies were used: polyclonal goat anti-mouse immunoglobulins/HRP from DAKO Laboratories, Carpinteria, CA (1:1000 dilution, catalog number P0447). The HRP enzyme activity was detected with Pierce enhanced chemiluminescence (ECL) Western Blotting Substrate (Thermo Fisher Scientific, Rockford, Illinois). Equal volumes of Detection Reagents 1 and 2 were mixed and added to the membrane for a 2-minute incubation. Automated Kodak X-ray film developers were used to develop the X-ray films in the dark room. Pixelation or density analyses of bands were performed using ImageJ software according to the standard protocol published at http://rsb.info.nih.gov/ij. The data presented herein were obtained with two different anti-P tau antibodies, namely CP13 and AT8. While these antibodies were expected to perform similarly based on previous literature (Goldstein et al., 2012b) , subtle differences were noted and quantified. Supplementary Fig. 1(C) shows the differences in staining across all samples seen when using AT8 or CP13. Note that these values were averaged across pathologies, since no disease-specific differences were seen.
4.5.
Quantification of immunocytochemistry
The grading system used to quantify phosphorylated tau immunocytochemical signals was derived and modified and simplified from previous work (Thom et al., 2011) . Since no hippocampal tissue was present in the available CTE and control samples, we did not analyze comparison tissue in hippocampal regions from human epileptic brain. Each section was observed at low (5 Â ) and high (20-40x) magnifications by at least two blinded investigators. The principal investigator (DJ) reviewed again the measurements and reanalyzed the specimens. A score from 0 (no visible staining with phosphorylated tau) to 3 (intense staining) was implemented. The following were noted and quantified (see Fig. 7 ). Pial staining was quantified at low power (5-10 Â ) and defined as intense immunostaining that was not due to edge effects due to DAB staining. The latter is not confined to pial layers but affects equally the deeper regions where the cut from the whole brain was performed. Staining of superficial layers was also quantified to account for the robust signal that was often seen in CTE and epilepsy-derived samples even when pial phospho tau was absent. An example of modest (score of 1) to intense (score of 2) pial staining is shown in Fig. 1A and B , while an extreme example is shown in Fig. 2B . Sulcal staining was described in Goldstein et al. (2012b) , and was also noted and quantified in our study. An example of a score of 2 for sulcal staining is indicated by an asterisk in Figs. 1 and 2B. Neuritic plaques or tangles were defined as agglomerates of neurofibrillary or astrocytic tangles, or dot-like and spindleshaped deposits (e.g., Fig. 6A ). Staining intensity was graded by low power inspection of the overall staining patterns. Since DAB is not a quantitative assays per se, this parameter was only measured across slices that were processed at the same time. Degenerated and degenerating neurons values were derived by estimating the number of neurons that appeared fragmented and those where only fragments of neuritic extensions were seen. Fig. 6 shows several examples of these. Finally, punctuated axons were a parameter used to describe the typical appearance of phosphorylated tau stained axons which were almost exclusively found in CTE and epilepsy.
4.6. ELISA analysis for total and specific phosphorylated forms of tau Brain levels of total tau and phosphorylated tau (unseparated, Sarkosyl-soluble and insoluble) were measured by commercially available ELISAs. Total Tau measurements were performed using an ELISA kit (96 wells, total tau human, Life Technologies) and absorbance readings obtain using a multi-plate fluorescent reader. Signals were then converted into pg/mL as per standard curve concentrations. Phosphorylated Tau Ser 199 measurements were performed using an ELISA kit (96 wells, tau [pS199] human, Life Technologies) and absorbance readings obtained using a multi-plate fluorescent reader. Signals were then converted into pg/mL as per standard curve concentrations. Phosphorylated Tau Ser 396 measurements were performed using an ELISA kit (96 wells, tau [pS396] human, Life Technologies) and absorbance readings obtained using a multi-plate fluorescent reader. Signals were then converted into pg/mL as per standard curve concentrations. Phosphorylated Tau Thr 231 measurements were performed using an ELISA kit (96 wells, tau [pT231] human, Life Technologies) and absorbance readings obtain using a multi-plate fluorescent reader. Signals were then converted into U/mL as per standard curve concentrations. The quantified total tau or phospho-tau were normalized by total protein estimated.
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Statistical analysis
Differences in staining between different samples as well as differences in brain levels of Tau measured by ELISA were carried out using JMP (v. 10) by ANOVA or paired t-tests as appropriate. The Dunnett's multiple comparisons tests are used only as follow up tests to ANOVA. Po0.05 was considered statistically significant.
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